Abstract. This paper introduces novel modern equipment-a lower extremity exoskeleton, which can implement the mutual complement and the interaction between human intelligence and the robot's mechanical strength. In order to provide a reference for the exoskeleton structure and the drive unit, the human biomechanics were modeled and analyzed by LifeModeler and Adams software to derive each joint kinematic parameter. The control was designed to implement the zero-force interaction between human and exoskeleton. Furthermore, simulations were performed to verify the control and assist effect. In conclusion, the system scheme of lower extremity exoskeleton is demonstrated to be feasible.
Introduction
Compared to other robots, lower extremity exoskeletons possess obvious advantages toward improving the capability and efficiency of workers and soldiers [1, 2] . Moreover, with the development of the exoskeleton, both the operational modes and the types are extended by foreign countries [3] [4] [5] . In 2004, engineers from the University of California, Berkeley presented the Berkeley Lower Extremity Exoskeleton (BLEEX), designed to assist people in load-bearing walking. Although BLEEX was outstanding in many aspects, its weight and load-bearing capacity could not meet military demands [6] . The Human Universal Load Carrier (HULC) was later presented by the University of California Berkeley as an improvement of BLEEX. Following a similar trend, researchers at Tsukuba University, Japan, introduced Hybrid Assistive Limb (HAL), an electrically-actuated whole-body exoskeleton [7] [8] [9] . Also in Japan, the Kanagawa University proposed wearable power suit, which can greatly expand physical capability [10] .
In response to this growing trend in domestic exoskeleton development, there are numerous laboratories engaging in this research [11] . However, there is still a wide deviation between experimental and practical applications.
Lower extremity exoskeletons utilize a wide range of applied sciences, including robotics, ergonomics, bionics and control theory. Therefore, many factors must be taken into account to address the wearer's movement and assisting effect. Exoskeleton research can be categorized into the following analyses: I) anthropomorphic structural design; II) human gait analysis; III) accuracy of the detection system; IV) rationality of the driving method; V) response characteristics of the control system.
The contribution of this paper is as follows: through LifeModeler and Adams software, the body model has been designed utilizing an innovative method which includes the positive and inverse dynamics simulation to achieve a muscle model, improving the accuracy of gait parameters and muscle torques. The control system and dynamic equation were derived from the data obtained. Finally, wearing simulation analysis proved that the control system exhibits improved response characteristics, and exoskeleton design is feasible.
Structure design
Due to the physical contact between the exoskeleton and the human body, comfort and safety are primary considerations. Therefore, the anthropomorphic design is the prerequisite to wearing comfort and safety. The exoskeleton structure determines not only its range of movement, but also the wearing comfort; moreover, it is the premise of the zero-force interaction design. Figure 1 is an overall model, simplified to emphasize the major design components. Figure 2 is a representation of the experimental platform. 
Biomechanical modeling

Hardware and software
LifeModeler modeling system is employed for this analysis [12] [13] [14] . The LifeModeler model is designed to support a 20-year-old, 75kg and 175cm Chinese man. Figure 3 exhibits the parameters of the human body model. Figure 4 demonstrates the rigid-body model.
In this analysis, the human joints are equivalent to hinges; the specific parameters are shown in Figure 5. 
Simulation method design
Human level walking is utilized for gait analysis [15, 16] . Five types of experiment are executed: I) Utilizing gait measurements to acquire the space position of various marked points in human level walking. II) Establishment of the level walking model via LifeModeler software. III) Inverse dynamics simulation based on the mode of traction, as illustrated in Figure 6 ; the walking model is determined by the marked point motion curves, generated by practical motion data or user input, to record the changes in joint angles. IV) Positive dynamics simulation to generate a muscle motion model according to the joint angles recorded in the inverse dynamics simulation; the muscle learning element or passive motion element becomes invalid, and turns to shrinkage element in order to record the change of the muscle length. V) By data of the muscle changing, the muscle drives the model to remove actively.
Muscle modeling
Since the skeleton movement of the human body is activated by muscle contraction and stretching, muscle mechanical properties and functions are necessary to the analysis of biomechanics in relation to human movement. However, the mechanical properties of human muscle are very complicated. They are not only related to the mechanical properties of physical media which constitutes the muscle, but are also affected by the excitement and fatigue states of the muscle. In order to illustrate the mechanical properties of human muscle, Archibald Vivian Hill British biophysicist and winner of the Nobel Prize in Physiology or Medicine, proposed the three-element model of muscle structure, as shown in Figure 7 .
Since the force is only produced when the muscle is being stretched, the power of each muscle is finite; the function expression of the muscle force is set up in Eq. (1)
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In Eq. (2), F filter --weight coefficientis used to adjust the percentage of output power in each muscle0 F filte 200%. Hill's muscle model. The entire muscle consists of the series elastic element, parallel elastic element and construction element. The muscle mechanical properties are determined by the system of these three elements. In these elements, the parallel elastic element represents the thickness of the muscle; the series elastic element represents the length of the muscle. The final muscle model is shown in Figure 8 .
Constraint relation modeling
The Human-exoskeleton collaborative movement simulation combines the human and exoskeleton models. Figure 9 illustrates the human-exoskeleton hybrid model. In order to ensure the accuracy of the simulation result, the simulation model and practical model are as identical as possible. Moreover, the constraints between human and exoskeleton directly determine their interaction. To facilitate subsequent simulation, the contact model between human and exoskeleton first needs to be established, as shown in Figure 10 .
Controller design
The exoskeleton robot is a human-machine interaction system, which can obtain the human body movement intentions through the testing system [17] . In essence, it implements a tracking process. Therefore, this chapter begins from the simplest single-joint movement system model, illustrated in Figure 11 . In the model, the shank accomplishes active movement and the exoskeleton, represented by a connecting rod, accomplishes the following movement. The purpose of this section is to develop a control strategy which can make the exoskeleton follow human leg movement. Because the wearer and the exoskeleton robot prototype are connected through belts in the shoulder and waist, the shifting pairs are set between the exoskeleton and the wearer in the simulation model, as shown in Figure 10 (a). Along the leg, bundling devices connect the exoskeleton and the human body with bushing units, as shown in Figure 10(b) . At the foot, the exoskeleton and the wearer are connected by a belt, allowing some displacement, and represented by fixed constraints in the simulation, as shown in Figure 10 (c). Figure 12 illustrates the closed loop control system in which K h represents impedance between the exoskeleton and the body; T hm represents human torque affecting the exoskeleton; Ga represents the system transfer function model; q -represents the joint angle of the exoskeleton; q h represents the joint angle of the human body; and T act refers to the torque generated by the actuator. The control target T hm = 0 is equivalent to q h = q -.
In Figure 12 , GaGa '= 1, K(s)=k p +k d s. After a series of derivations, the relationship between the actual joint angle and the ideal joint angle is as follows:
According to Eq. (3), when
T → , resulting in zero-force interaction between the wearer and the exoskeleton robot.
What has been discussed above is a one-dimensional system. For the multidimensional system, the dynamic equation can be expressed:
According to the linearization method of single-degree system, the multidimensional system can be applied in the same way, ( )
Applied to Eq. (4), we can determine Eq. (5):
Simulation
The anthropomorphic design requires the exoskeleton to reflect the movement characteristics of the body, including the scope of activity and the torque of joints. The simulation can facilitate not only the analysis of gait route and joint output curves under the different conditions, but also the structural and controller designs.
Load-carrying simulation without exoskeleton
Based on the above research, the Adams software is employed for this simulation. Furthermore, the human body model is established and the load-carrying and the non-load-carrying conditions are simulated respectively. Figure 13 illustrates the simulation animation of the non-load-carrying condition; Figure 14 illustrates the load-carrying condition. Fig. 13 . Illustration of non-load-carrying condition, demonstrating the three stages of a level walking gait cycle: single leg support phase, single leg support redundant phase and legs support phase. The single leg support phase and the legs support phase are collectively referred to as the support phase, accounting for 80% of the gait cycle. The simulation experiment determined: the hip range of flexion/extension is -20°~25°, abduction/adduction is -5°~15°, external/internal rotation is -10°~5°; the knee, range of flexion/extension is -8°~35°; the ankle range of flexion/extension is -5°~13°, abduction/adduction is -2°~2°, external/internal rotation is -8°~2°. (c) Ankle torque curve. Fig. 15 . Lower body torque curves. The solid line represents the load-carrying simulation curve, and the dotted line represents the non-load-carrying simulation curve. Analysis of the torque curve reveals that in the non-load-carrying simulation, the output of the hip joint torque is the largest while the output of the knee joint torque is the smallest, reaching 45 Nǜm and 20 Nǜm, respectively. In the load-carrying simulation, the maximum output of the hip joint torque is approximately 100 Nǜm, while the maximum torque output of the knee and ankle also reaches 60 Nǜm and 80 Nǜm, respectively. Figure 15 illustrates the joint torque curves determined by simulation. By comparing joint torque curves in the non-load-carrying and load-carrying conditions we can conclude that the outputs of torque and power in the hip and the knee have great changes in both directions, while in the negative direction the ankle torque and power remains unchanged. Therefore the actuators were placed in the hip and the knee.
Load-carrying simulation with exoskeleton
During the simulation, the interactions between the exoskeleton and the human legs need to be defined in advance. In order to meet this need, springs are added between the exoskeleton and the legs. . Thus, the interactions can be represented by measuring the spring force, and the control method described above is used to implement the co-simulation. Figure 16 illustrates the walking animation of the human body model wearing the exoskeleton in the load-carrying condition.
In order to further analyze the effects of the exoskeleton on the lower limb joints, the joint torque in two situations are compared: I) Non load-carrying, no exoskeleton and II) Load-carrying, with exoskeleton. The results are shown in Figure 17 .
Through the comparison scenario we determined that there is only slight variation between the two situations. The curve indicates that the exoskeleton bears the majority of the load, rather than the human. Accordingly, it further validates the remarkable assisted effect of the exoskeleton.
Conclusion
To conclude, we proposed a method to implement the lower limb exoskeleton. Based on the biomechanical simulation software LifeModeler, the human model was built and the movement data of each joint was obtained. We then developed the control strategy to control the contact force between the exoskeleton and the human models. Finally, the simulation results proved that the assisted effect of the exoskeleton designed in this paper is significant. In our future work, the aspects of improvement include: I) The further optimization of the exoskeleton structure; II) Promotion of the anti-interference ability of the sensing system; III) Further development of the control strategy to increase its accuracy and stability; IV) To improve and perfect the experimental platform and conduct further specific-wear experiments.
